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(57) ABSTRACT

A photoinduced refractive-index changing region is formed
by irradiating while focusing a single beam of pulse laser
light having an energy amount to cause a photoinduced
change in refractive index onto a light guide of an optical
element such as a lens, a mirror, a diffraction grating, a
polarizer, or a wavelength filter. In the photoinduced refrac-
tive-index changing region, since the refractive index is
periodically changed in one direction, of the light propagat-
ing through the optical element, only a polarized light
penetrates through this photoinduced refractive-index
changing region. Accordingly, the photoinduced refractive-
index changing region can be functioned as a polarizer.
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OPTICAL ELEMENT, MANUFACTURING
METHOD THEREOF, AND OPTICAL DEVICE

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to an optical element
which realizes various optical effects by forming a photo-
induced refractive-index changing region at a predetermined
position of a light guide, a method thereof, and an optical
device mounted with the same optical element. For the
optical element, various optical elements such as an optical
fiber, an optical integrated circuit, and a simple lens can be
mentioned.

[0003] 2. Description of the Prior Art

[0004] An optical element for realizing various optical
effects is formed by forming, in a core or light guide of an
optical fiber to propagate light signals, functional compo-
nents such as a lens, a mirror, a diffraction grating, and a
polarizer to control physical properties of light. An optical
element is fabricated by mounting this optical element on an
optical substrate or the like. On the other hand, phenomena
have been confirmed such that, by irradiating a focused
pulse laser light with a femtosecond-order (107*2 to 107*°
seconds) pulse width onto the inside of a transparent mate-
rial such as glass, conditions of an atomic arrangement, a
valence, an atomic defect and the like in the vicinity of a
light focusing portion are changed, and refractive index is
made higher than that of a portion which has not irradiated
with the pulse laser light or a region where refractive index
is periodically modulated is formed in the vicinity of a light
focusing portion as a result of interference of the pulse laser
light with plasma generated in the vicinity of the light
focusing portion, and these have been called a photoinduced
change in refractive index, a nano-grating formation or the
like.

[0005] In the present specification, the above-described
grating formation is also considered as a mode of change in
refractive index, and these phenomena such as a change in
refractive index and a nano-grating formation will be gen-
erally referred to as “photoinduced refractive-index
change.”

[0006] The foregoing optical element is generally formed
by coupling separately prepared functional components such
as a lens, a mirror, and a diffraction grating to an optical
substrate, however, since the functional components are
complicated in structure and also large in size, there is a
problem such that the optical element itself is increased in
size.

[0007] Furthermore, for manufacturing the optical ele-
ment, a step for manufacturing an optical substrate, a step for
manufacturing functional components such as a lens, a
mirror, and a diffraction grating, and a step for mounting
these functional components on the optical substrate are
necessary, therefore, manufacturing processes are compli-
cated, and the manufacturing cost is also increased.

[0008] In addition, even when coupling of the functional
components to an optical fiber is intended, since the core
diameter of the optical fiber is small, high-precision pro-
cessing is difficult, and the manufacturing cost is increased.
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[0009] Therefore, it is an object of the present invention to
provide a small-sized and easily-manufacturable optical
element on which functional components such as a lens, a
mirror, and a diffraction grating can be integrally formed and
which can realize a variety of optical effects.

[0010] Moreover, it is an object of the present invention to
provide a method for manufacturing an optical element
whereby a small-sized optical element can be simply and
swiftly manufactured by integrally forming functional com-
ponents such as a lens, a mirror, and a diffraction grating
after an optical substrate manufacturing step.

[0011] Furthermore, it is an object of the present invention
to provide an optical device mounted with the above-
described optical element.

SUMMARY OF THE INVENTION

[0012] An optical element of the present invention is
characterized in that a photoinduced refractive-index chang-
ing region which is formed by irradiating while a focused
pulse laser light having an energy amount to cause a
photoinduced change in refractive index in said optical
element.

[0013] For such an optical element with a photoinduced
refractive-index changing region formed, since the photo-
induced refractive-index changing region is formed by a
simple step of a focusing irradiation of pulse laser light, in
comparison with external equipment of various functional
components such as a lens and a diffraction grating, manu-
facturing is easy and moreover, a small-sized optical ele-
ment can be realized.

[0014] Tt is most efficient, in realizing optical functions, to
form the photoinduced refractive-index changing region in a
light guide through which light propagates.

[0015] For example, the photoinduced refractive-index
changing region is formed at a light incident end portion,
light exiting end portion, or middle portion of the light guide
or at a boundary between the light guide and a peripheral
portion thereof. By forming the photoinduced refractive-
index changing region at the light incident end portion or
light exiting end portion of the light guide, at the light
inputting/outputting time of the optical element, a light
signal inputting/outputting function when externally taking
in light or externally taking out light can be realized. In
addition, by forming the photoinduced refractive-index
changing region at the middle portion of the light guide, a
light signal processing function inside the optical element
can be easily realized. In addition, if the photoinduced
refractive-index changing region is formed at the boundary
between the light guide and peripheral portion thereof, it
becomes possible to easily perform a light signal inputting/
outputting process when taking in light from or taking out
light of another internal or external light guide of the optical
element.

[0016] In addition, for a simple lens, a simple prism or the
like, a plurality of photoinduced refractive-index changing
regions are preferably formed inside the optical element.

[0017] The photoinduced refractive-index changing
region can realize a light focusing function to focus light
propagating through the light guide, a refracting function to
refract light propagating through the light guide, a reflecting
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function to reflect light propagating through the light guide,
an optical diffracting function to diffract light propagating
through the light guide, an optical attenuating function to
attenuate light propagating through the light guide, a wave-
length filter function to select a light with a specific wave-
length propagating through the light guide, a polarizing
function to transmit a light in a specific polarizing direction
propagating through the light guide or the like.

[0018] By the light focusing function, a function similar to
that when a lens is attached to an optical element can be
provided. Namely, an efficient optical coupling becomes
possible in the light guide or with another optical element.

[0019] By the refracting function or reflecting function, a
function similar to that when a prism or mirror is attached to
an optical element can be provided. For example, it becomes
possible to easily perform a light path conversion inside the
optical element, whereby a reduction in size of the optical
element can be realized.

[0020] By the optical diffracting function, similar to when
a diffraction grating is attached to an optical element, it
becomes possible to easily reflect or refract light with a
specific wavelength. Accordingly, light path division
according to the wavelength can be performed in the optical
element, whereby a function as a small-sized spectroscope
can be realized.

[0021] By the optical attenuating function, similar to when
an optical attenuating filter is attached to an optical element,
it becomes possible to easily perform a signal processing of
light.

[0022] By the wavelength filter function, similar to when
a wavelength filter is attached to an optical element, it
becomes possible to easily perform a color signal processing
of light.

[0023] By the polarizing function, similar to when an
optical polarizer is attached to an optical element, it becomes
possible to easily perform a light signal processing based on
polarization.

[0024] The optical element may be either an optical fiber
or an optical substrate wherein a light guide has been formed
in a specific shape. The latter optical substrate with a
specific-shaped light guide is used for an optical integrated
circuit or the like. As the specific-shaped optical substrate, a
buried or protruded light guide formed on an optical sub-
strate or a two-dimensionally expanding plate-like light
guide formed on an optical substrate can be mentioned.

[0025] The light guide may be branched on the optical
substrate or inside the optical substrate. By forming a
photoinduced refractive-index changing region in such a
branched light guide, for optical coupling or optical branch-
ing, a large variety of functions can be added. The refractive-
index changing region can be formed at a light guide after
branching or at a branching portion of a branched light
guide.

[0026] In addition, if modulating electrodes are formed on
a light guide, various types of light signal processes such as
optical switching and optical modulation can be performed.
By forming a photoinduced refractive-index changing
region, a large variety of functions can be added to such light
signal processes.
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[0027] In addition, when the optical element of the present
invention is an optical fiber, a plurality of optical fibers each
provided with a photoinduced refractive-index changing
region formed at a core end portion thereof can be arranged
while making their end portions in contact with a reflecting
member. This is an advantageous construction when reduc-
ing the optical element in size by use of a refracting/
reflecting function of a photoinduced refractive-index
changing region. For example, if a polarization-plane rotat-
ing element is coupled between the end portions of the
plurality of optical fibers, the plane of polarization of optical
fibers can be easily changed.

[0028] When the photoinduced refractive-index changing
region exists at a middle portion of a light guide, another
optical element can be connected to the position, in the light
guide, where the photoinduced refractive-index changing
region has been formed. By use of functions such as light
focusing and refraction/reflection by the photoinduced
refractive-index changing region, it can be easily performed
to take out light halfway through the light guide or introduce
light halfway through the light guide.

[0029] In addition, as an example when a photoinduced
refractive-index changing region exists inside the optical
element, a lens such as a spherical lens or an aspherical lens
can be mentioned. In this case, by utilizing the optical
diffracting function, wavelength filter function, polarizing
function and the like by the photoinduced refractive-index
changing region, lenses having these functions can be real-
ized.

[0030] A method for manufacturing an optical element of
the present invention is characterized in the steps of prepar-
ing an optical substrate made of an inorganic material, an
organic material, or a crystalline material showing an elec-
tro-optic effect and forming a photoinduced refractive-index
changing region by irradiating while focusing a pulse laser
light having an energy amount to cause a photoinduced
change in refractive index onto the optical substrate.

[0031] For an optical element manufactured by this
method, refractive index is changed or high-refractive index
planes and low-refractive index planes alternatively appear
at predetermined pitches. By utilizing these various optical
functions of a photoinduced refractive-index changing
region, a small-sized multifunctional optical element as
described above can be fabricated.

[0032] In order to form a photoinduced refractive-index
changing region, it is preferable that the pulse laser light has
a pulse width of 107'% to 107'° seconds, which are the order
of so-called femtoseconds.

[0033] In addition, in order to form an effective photoin-
duced refractive-index changing region, it is preferable that
the pulse laser light to be focused onto the light guide has a
power density of 10° W/cm? or more, a pulse repetition
frequency of 100 MHz or less, and pulse energy of 0.1
wl/pulse to 10 pl/pulse. Here, the pulse of a pulse laser light
may be a single pulse.

[0034] According to the method for manufacturing an
optical element of the present invention, by irradiating while
focusing a pulse laser light onto an optical element or by
utilizing interference of the pulse laser light with plasma
generated inside the light focusing position, an optical
element wherein a photoinduced refractive-index changing
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region has been formed can be simply manufactured by only
irradiating a pulse laser light without going through com-
plicated steps.

[0035] An optical device of the present invention is char-
acterized in mounting the aforementioned optical element
with a photoinduced refractive-index changing region on the
device. By making use of small-sized easily-manufacturable
features of this optical element, an optical device which as
a whole is small-sized and low in cost can be manufactured.
An optical device mounted with this optical element is used
in the field of, for example, optical communications, optical
information processing, optical information recording and
the like.

[0036] As in the above, according to the present invention,
by integrally forming a photoinduced refractive-index
changing region in an optical element, various effects such
as a reduction in the number of components and size of the
optical element, simplification in fabrication processes
including optical axis alignment, and a reduction in manu-
facturing cost can be expected.

[0037] The aforementioned or other further advantages,
features, and effects of the present invention will become
more apparent by the following description of embodiments
with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] FIG. 1A is a view showing a structure of an optical
element wherein a photoinduced refractive-index changing
region 3 of a lens, a mirror, a diffraction grating and the like
has been integrally formed at an end portion of an optical
fiber light guide 2;

[0039] FIG. 1B to FIG. 1D show cases where an optical
element has a structure wherein a light guide has been
formed on an optical substrate;

[0040] FIG. 1E is a sectional view showing a condition
wherein a pulse laser light 4 is being irradiated, while being
focused through a focusing element 5 such as a lens, onto an
end portion of a light guide 2;

[0041] FIG. 2A is a view showing an optical element
wherein a photoinduced refractive-index changing region 3
of a lens, a mirror, a diffraction grating and the like has been
integrally formed at a middle portion of an optical fiber light
guide 2;

[0042] FIG. 2B to FIG. 2D show cases where an optical
element has a structure wherein a light guide 2 has been
formed on an optical substrate 1;

[0043] FIG. 2E is a sectional view showing a condition
wherein a pulse laser light 4 is being irradiated, while being
focused through a focusing element 5 such as a lens, onto a
middle portion of a light guide 2;

[0044] FIG. 3A is a view showing an optical element
wherein a photoinduced refractive-index changing region 3
has been integrally formed at a boundary portion between an
optical fiber light guide 2 and a clad 1;

[0045] FIG. 3B to FIG. 3D show cases where an optical
element has a structure wherein a light guide 2 has been
formed on an optical substrate 1;

Oct. 11, 2007

[0046] FIG. 3E is a sectional view showing a condition
wherein a pulse laser light 4 is being irradiated, while being
focused through a focusing element 5 such as a lens, onto a
boundary portion between a light guide 2 and a clad 1;

[0047] FIG. 4A is a view showing an optical element
which is functioned as a lens by irradiating while focusing
a pulse laser light onto an output end portion of an optical
modulator to raise reflectance;

[0048] FIG. 4B is a view showing an optical element
which is functioned as a lens by irradiating while focusing
a pulse laser light onto an output end portion of an optical
switch element to raise reflectance;

[0049] FIG. 5A is a sectional view showing a structure of
a polarization controlling optical element wherein the end
faces of two optical fibers have been vertically cut and made
to contact with a reflecting plate, and an optical isolator 36
has been buried between both optical fiber end portions;

[0050] FIG. 5B is a sectional view showing a structure of
a conventional polarizing control optical element;

[0051] FIG. 6A is a sectional view showing a structure of
an optical attenuator which has been provided with an
optical attenuating function by forming a photoinduced
refractive-index changing region 52 at a middle portion of
an optical fiber light guide 51;

[0052] FIG. 6B shows a case where an optical element has
a structure wherein a light guide 54 has been formed on an
optical substrate 53 made of silica glass;

[0053] FIG. 7 is a plan view showing an optical element
branching from a single light guide on an optical substrate
60, which is a plan view showing a structure wherein a
photoinduced refractive-index changing region 62 which
functions as a diffraction grating has been integrally formed
by irradiating a pulse laser light onto a light guide branching
portion of an optical element;

[0054] FIG. 8A and FIG. 8B are views showing a polar-
izer-integrated optical element wherein a photoinduced
refractive-index changing region 72 which functions as a
polarizer has been formed at a light guide middle portion by
irradiating while focusing a pulse laser light with a femto-
second-order pulse width onto a light guide 71 of an optical
element, wherein FIG. 8A shows a case where the optical
element is an optical fiber and FIG. 8B shows a case where
the optical element has a structure wherein a light guide 74
has been formed on an optical substrate 73 made of silica
glass;

[0055] FIG. 9 is a view showing an optical element
wherein a photoinduced refractive-index changing region 93
has been formed by irradiating while focusing a pulse laser
light with a femtosecond-order pulse width onto a boundary
portion between a light guide 91 of the optical element and
a clad 90;

[0056] FIG. 10 is a view showing an optical element
wherein a photoinduced refractive-index changing region
103 has been formed by irradiating while focusing a pulse
laser light with a femtosecond-order pulse width onto a
boundary portion between a light guide 101 of the optical
element and a clad 100;

[0057] FIG. 11 is a perspective view of an optical element
wherein a photoinduced refractive-index changing region
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113 has been formed by irradiating while focusing a pulse
laser light with a femtosecond-order pulse width onto a
boundary portion between a light guide 111 of the optical
element and a clad 110;

[0058] FIG. 12 is a perspective view of an optical element
wherein a photoinduced refractive-index changing region
123 has been formed by irradiating while focusing a pulse
laser light with a femtosecond-order pulse width onto a
boundary portion between a light guide 121 of the optical
element and a clad 120;

[0059] FIG. 13A and FIG. 13B show an optical element
having a two-dimensionally expanding plate-like light guide
133 and clads 134, wherein FIG. 13A shows a perspective
view of the optical element and FIG. 13B shows a horizontal
sectional view including the plate-like optical element light
guide 133; and

[0060] FIG. 14A and FIG. 14B are side views showing an
optical element wherein a plurality of polarizers 141 or 143
have been respectively formed by irradiating while focusing
a pulse laser light with a femtosecond-order pulse width
onto the inside of a spherical lens 140 or ball lens 142,
wherein FIG. 14A shows a case of a spherical lens and FIG.
14B shows a case of a ball lens.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0061] FIG.1AtoFIG. 1E are views showing structures of
an optical element wherein a photoinduced refractive-index
changing region 3 having a function of a lens, a mirror, a
diffraction grating and the like has been integrally formed at
an end portion of an optical fiber light guide 2, which is a
part through which light propagates inside the optical ele-
ment.

[0062] FIG. 1A shows a case where the optical element is
an optical fiber having a core 2, and FIG. 1B to FIG. 1D
show cases where the optical element is composed of an
optical substrate 1 on which a light guide 2 has been formed.
FIG. 1B shows a case where the light guide 2 has been
formed in a manner buried inside the optical substrate 1,
FIG. 1C shows a case where the light guide 2 has been
formed in a manner protruded on the surface of the optical
substrate 1, and FIG. 1D shows a case where the light guide
2 has been formed in a manner buried in the surface of the
optical substrate 1.

[0063] In the present embodiment, for the optical fiber, a
commercially-available SiO, optical fiber is used, and for
the light guide 2 on the optical substrate 1, a light guide for
which GeO, has been doped in a light guide portion of a
Si0, optical substrate 1 is used. The optical fiber may be
either a single mode or a multi mode (the same applies in the
following.)

[0064] FIG. 1E is a sectional view showing a condition
wherein a pulse laser light 4 with a femtosecond-order pulse
width is being irradiated, while being focused through a
focusing element 5 such as a lens, onto an end portion of a
light guide 2. By irradiating the pulse laser light 4 through
the focusing element 5 onto the end portion of the light guide
2, a phenomenon of photoinduced refractive-index change is
raised, thus a photoinduced refractive-index changing region
3 having various optical functions such as a lens, a mirror,
and a diffraction grating is formed at the end portion of the
light guide 2.
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[0065] Here, with regard to the size of the photoinduced
refractive-index changing region 3, this can be provided
within the light guide 2 by regulating conditions such as
pulse energy and irradiation time of a pulse laser light to be
irradiated.

[0066] According to the present embodiment, by forming
a photoinduced refractive-index changing region at an end
portion of an optical fiber or a light guide on an optical
substrate, various functions such as a lens function for
focusing light, a mirror function for changing the light
propagating direction, an optical attenuator function for
changing the light intensity, a wavelength filter function for
filtering a specific wavelength of light, and a polarizing
function for transmitting light in a specific polarizing direc-
tion can be provided for an optical element.

[0067] FIG. 2A to FIG. 2E show structures of an optical
element wherein a photoinduced refractive-index changing
region has been integrally formed at a middle portion of a
light guide of the optical element.

[0068] FIG. 2A shows a case where the optical element is
an optical fiber, and FIG. 2B to FIG. 2D show cases where
the optical element is composed of an optical substrate 1 on
which a light guide 2 has been formed. FIG. 2B shows a case
where the light guide 2 has been formed in a manner buried
inside the optical substrate 1, FIG. 2C shows a case where
the light guide 2 has been formed in a manner protruded on
the surface of the optical substrate 1, and FIG. 2D shows a
case where the light guide 2 has been formed in a manner
buried in the surface of the optical substrate 1.

[0069] In the present embodiment, similar to the embodi-
ment of FIG. 1A to FIG. 1E, for the optical fiber, a
commercially-available SiO, optical fiber is used, and for
the light guide 2 on the optical substrate 1, a light guide for
which GeO, has been doped in a light guide portion of an
Si0, optical substrate is used.

[0070] FIG. 2E shows a condition wherein, by irradiating,
while focusing through a focusing element 5 such as a lens,
a pulse laser light 4 with a femtosecond-order pulse width
onto a middle portion of a light guide 2, a photoinduced
refractive-index changing region 3 having various optical
functions such as a lens, a mirror, and a diffraction grating
has been formed at a middle portion of the light guide of the
optical element.

[0071] Here, similar to the aforementioned embodiment,
with regard to the size of the photoinduced refractive-index
changing region 3, this can be fitted to the light guide size
by regulating conditions such as pulse energy and irradiation
time of a pulse laser light to be irradiated.

[0072] According to the present embodiment, by forming
a photoinduced refractive-index changing region at a middle
portion of an optical fiber or a light guide on an optical
substrate, various functions such as a lens function for
focusing light, a mirror function for changing the light
propagating direction, a diffraction grating function for
spectroscopy, an optical attenuator function for changing the
light intensity, a wavelength filter function for filtering a
specific wavelength of light, and a polarizing function for
transmitting light in a specific polarizing direction can be
provided for an optical element.

[0073] FIG. 3A to FIG. 3E show structures of an optical
element wherein a photoinduced refractive-index changing
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region has been integrally formed at a boundary portion
between a light guide of the optical element and an optical
substrate part (referred to as a clad) surrounding the same.

[0074] FIG. 3A shows a case where the optical element is
an optical fiber, and FIG. 3B to FIG. 3D show cases where
the optical element is composed of an optical substrate 1 on
which a light guide 2 has been formed. FIG. 3B shows a case
where the light guide 2 has been formed in a manner buried
inside the optical substrate 1, FIG. 3C shows a case where
the light guide 2 has been formed in a manner protruded on
the surface of the optical substrate 1, and FIG. 3D shows a
case where the light guide 2 has been formed in a manner
buried in the surface of the optical substrate 1.

[0075] In the present embodiment, similar to the embodi-
ments of FIG. 1A to FIG. 1E and FIG. 2A to FIG. 2E, for the
optical fiber, a commercially-available SiO, optical fiber is
used, and for the light guide 2 on the optical substrate 1, a
light guide for which GeO, has been doped in a light guide
portion of an SiO, optical substrate is used.

[0076] FIG. 3E shows a condition wherein, by irradiating,
while focusing through a focusing element 5 such as a lens,
a pulse laser light 4 with a femtosecond-order pulse width
onto a boundary portion between a light guide 2 and a clad
surrounding the same, a photoinduced refractive-index
changing region 3 having various optical functions such as
a lens, a mirror, and a diffraction grating has been formed at
the boundary portion between the light guide 2 and a clad of
the optical element.

[0077] Here, similar to the aforementioned embodiments,
with regard to the size of the photoinduced refractive-index
changing region 3, this can be fitted to the light guide size
by regulating conditions such as pulse energy and irradiation
time of a pulse laser light to be irradiated.

[0078] According to the present embodiment, by forming
a photoinduced refractive-index changing region at a bound-
ary portion between an optical fiber or a light guide on an
optical substrate and a clad, various functions such as a lens
function for focusing light, a mirror function for changing
the light propagating direction, an optical attenuator func-
tion for changing the light intensity, a wavelength filter
function for filtering a specific wavelength of light, and a
polarizing function for filtering light in a specific polarizing
direction can be provided for an optical element.

[0079] Next, constituent materials of an optical element
according to an embodiment of the present invention will be
described.

[0080] For the optical substrate, an inorganic material, an
organic material, an anisotropic crystalline material showing
an electro-optic effect or the like can be used. The above-
mentioned inorganic material and organic material can be
either an isotropic material or an anisotropic material.

[0081] For the inorganic material, for example, glass con-
sisting mainly of SiO, can be mentioned.

[0082] In addition, for the organic material, polyethylene
terephthalate, polyacetal, polycarbonate, polyfluorocrbon-
ate, polyamide, polyimide, silicone, polyphenylene oxide,
polysulfone, polyphenylene sulfide, polybutylene terephtha-
late, polyarylate, polyamideimide, polyethersulfone, pol-
yarylate, polyetherketone, polyetherimide, polymethyl
methacrylate, polyacrylate, crosslinked acrylate, polysilox-
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ane, norbornene, an epoxy resin, a phenoxy resin, triacetyl-
cellulose, or fluorine-denatured substances of these, or
organic materials mixed with at least one or more of these
can be mentioned.

[0083] In addition, for the crystalline material showing an
electro-optic effect, for example, a (-BaB,O, crystal, a
LiNbO, crystal, a LiTaO; crystal, a KH,PO, crystal, a
Bi_Si0,, crystal, a Bi,Ge;0,, crystal, or a quartz crystal can
be mentioned.

[0084] For the pulse laser light to be irradiated onto the
optical element, a pulse laser light oscillating from an
ultrashort-pulse laser device such as a Ti:Al,O; (titanium
sapphire) laser is used. The Ti:Al,O; laser oscillates, by its
mode lock mechanism, a pulse light of femtosecond-order
pulse width (107*2 to 107'° seconds) is irradiated. Although
a pulse light wavelength is variable (100 nm to 2000 nm),
this is set to a wavelength to allow the pulse laser light to
penetrate through the optical substrate (for example, 800
nm).

[0085] The above-mentioned pulse laser light is focused
by a focusing element and is regulated so that its light focal
point is positioned in a light guide of the optical element
through which a light signal propagates. Concretely, the
pulse laser light is regulated so that the light focal point is
positioned, in FIG. 1C, at a light guide end portion, and in
FIG. 2C, at a light guide middle portion, and in FIG. 3C, at
a boundary portion between the light guide and clad.

[0086] Into this light focal point, a pulse laser light having
a power density of 102 W/cm?® or more is focused. Thereby,
inside the light focal point, a phenomenon of photoinduced
refractive-index change is raised, and a region which is
higher in refractive index than the clad of the optical element
is formed. Furthermore, if interference between the laser
light and plasma which is raised at the light focal point
occurs, a periodic structure region wherein high-refractive-
index changing regions and low-refractive-index changing
regions are repeatedly generated at pitches of 1 pm or less
is formed.

[0087] Although irradiation time is not limited, this is to
be a time for which a photoinduced refractive-index chang-
ing region to sufficiently exhibit optical functions is formed.
For example, this can extend for a few seconds per one
photoinduced refractive-index changing region.

[0088] Here, the power density has a value expressed by
dividing output power (W) expressed by “a peak value (J) of
output energy/a pulse width (second)” per unit area of
irradiation. If the power density is less than 10° W/cm?, an
effective change in refractive index or periodic structure
may not be formed inside the light focusing position. The
higher the pulse energy is, the greater the amount of change
in refractive index becomes, and the clearer the repetition of
the high-refractive-index changing regions and low-refrac-
tive-index changing regions becomes (a greater difference in
refractive index.)

[0089] However, if a laser light with an excessive pulse
energy amount is irradiated, a cavity defect is formed by a
thermal effect at the light focusing position. Therefore,
although this is different depending on the composition of
the optical substrate, power density of the pulse laser light
is regulated by a repetition frequency so as not to exceed a
threshold value at which a cavity defect is formed. Con-
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cretely, while taking productivity into consideration, a pos-
sible lower limit of the repetition frequency of the pulse laser
light is set to 1 Hz, preferably, 10 kHz, and more preferably,
100 kHz, and a possible upper limit is set to 100 MHz. Here,
the above-described pulse laser light may be a single-shot
light pulse (a large number of frequency components are
included in the single-shot light pulse.)

[0090] For regulating the energy of pulse laser light to be
between a threshold value at which a photoinduced refrac-
tive-index changing region is formed inside the light focus-
ing position and a threshold value at which a cavity defect
is formed and furthermore, for forming a photoinduced
refractive-index changing region with a large amount of
change in refractive index or a photoinduced refractive-
index changing region with excellent periodicity whose
periodic pitches are uniform and whose principal planes are
identical in width and are, in directionality, regularly
arranged in an identical direction, although this is different
depending on the type of the optical substrate, it is desirable
to regulate the energy per one pulse of a pulse laser light to
be irradiated to be between 0.1 pl/pulse to 10 pl/pulse.

[0091] The intensity of the above-described laser light can
be regulated by making the same pass through an ND filter
or the like.

[0092] A pulse laser light is focused by a focusing element
such as a lens. The shape of a region having the above-
described periodic structure is basically spherical. A pulse
laser light having a pulse energy for which the above-
described photoinduced refractive-index change is to be
produced receives a spatial Kerr effect, which is a three-
dimensional nonlinear optical effect, during propagation
through an optical substrate, the shape of a light focusing
position of the pulse laser light is desirably focused into a
sphere, and the diameter of this sphere becomes in a range
of 0.1 pm to 1 mm.

[0093] Furthermore, for a polarizing direction of the
above-described pulse laser light, a linear polarization is
preferably used. For this, a polarizing direction of the pulse
laser light can be selected by making the same pass through
a polarizing plate or the like. In addition a wavelength of the
above-described pulse laser light can be converted by mak-
ing the same pass through a nonlinear optical crystal gen-
erating higher harmonics.

[0094] By irradiating while focusing a pulse laser light
into a predetermined position of a light guide of an optical
element while setting a polarizing direction, an intensity, and
a wavelength of the pulse laser light as described above, a
refractive index of the inside of a light focal point can be
made higher than that of the surrounding light guide and
clad, and a diffraction grating wherein high-refractive-index
changing regions and low-refractive-index changing regions
are repeatedly generated can be formed at a predetermined
position of a light guide of an optical element integrally with
the optical element.

[0095] As in the above, according to the present embodi-
ment, as a result of the light focal point becoming higher in
refractive index than of the surrounding clad, a function as
a light focusing lens is provided. In addition, as a result of
the formation of a diffraction grating wherein high-refrac-
tive-index changing regions and low-refractive-index
changing regions are repeatedly generated, functions as a
reflecting mirror, an optical attenuator, a wavelength filter,
and a polarizer are provided.
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[0096] Hereinafter, detailed embodiments will be

described based on examples.
EXAMPLES

Example 1

[0097] FIG. 4A and FIG. 4B show structures of an optical
element wherein a photoinduced refractive-index changing
region 12 has been formed at a light guide end portion of the
optical element made of an optical crystal showing an
electro-optic effect. As the optical crystal showing an elec-
tro-optic effect, although a LiNbO; crystal has been used,
this is not particularly limited as long as it is a crystalline
material showing an electro-optic effect. In addition,
although a buried light guide has been used as a light guide
11 on an optical substrate 10, this may be a protruded light
guide or the like as long as it is a light guide to propagate
light.

[0098] FIG. 4A is a plan view showing an example of an
optical modulator. This optical modulator has a light guide
11 which is branched into two paths and merged halfway
therethrough. For one of the branched light guide paths,
modulating electrodes 13 have been provided.

[0099] An input light signal is separated into two paths
halfway through the light guide 11, and one thereof is
phase-modulated by a voltage applied to the modulating
electrodes 13. The light guide paths are then again merged
into a single light guide, and at this time, intensity of the
light signal is modulated in accordance with a depth of the
above-described phase modulation.

[0100] Onto an end portion of the merged light guide, a
pulse laser light with a femtosecond-order pulse width was
irradiated while being focused to raise the refractive index,
whereby a photoinduced refractive-index changing region
12 to function as a lens was formed.

[0101] When a light signal was inputted into an optical
modulator and an electric signal was inputted into the
modulating electrodes 13, the beam diameter of an output
light signal could be expanded while a modulating function
of light was maintained.

[0102] FIG. 4B shows a plan view showing an example of
an optical switch. This switch has two light guides 21 and
22, and in the two light guides 21 and 22, mutual interfer-
ence regions are provided at two positions. At parts sand-
wiched between these mutual interference regions, modu-
lating electrodes 23 are provided. The modulating electrodes
23 apply, to the two light guides 21 and 22, a modulating
voltage in mutually opposite phases.

[0103] Onto output end portions of the respective light
guides 21 and 22, a pulse laser light with a femtosecond-
order pulse width was irradiated while being focused in, for
example, a vertical direction to the page surface to raise the
refractive index, whereby a photoinduced refractive-index
changing region 24 was formed.

[0104] An input light signal which has been inputted into
one light guide 22 is branched off, at the mutual interference
region, into the other light guide 21, as well. The respective
lights receive, by a voltage applied to the modulating
electrodes 23, mutually opposite phase modulations (in a
phase advancing direction and a delaying direction.) There-
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after, the light signals again interfere with each other at the
mutual interference region, and at this time, depending on
the voltage applied to the modulating electrodes 23, from
which light guide 21 or 22 light is outputted is determined.
As such, an optical switch function can be obtained.

[0105] Inthis optical switch element, a lens function could
be provided while an optical switching function was main-
tained.

[0106] According to the present example, by integrally
forming a lens at a light guide end portion of a light guide
in an optical modulator or an optical switch element, at the
output end of the optical modulator or optical switch ele-
ment, an improvement in optical coupling efficiency with an
optical fiber or another optical element can be realized. In
addition, regulating processes such as an optical axis regu-
lation can be simplified, thus an effect such as a reduction in
manufacturing cost can be expected.

Example 2

[0107] FIG. 5A and FIG. 5B show sectional structures of
polarization control optical elements for controlling a light
signal, for which two optical fibers 30a and 306 have been
connected to an optical isolator 36 composed of two polar-
izers 34 and a Faraday rotator 35.

[0108] FIG. 5A is a sectional view showing a structure of
a polarization control optical element according to the
present invention. End faces of two optical fibers 30a and
306 are vertically cut and are made to contact with a
reflecting plate 33. Between end portions of both optical
fibers 30a and 304, an optical isolator 36 buried in a
reflecting plate is arranged. A light propagating direction of
the optical isolator 36 is vertical to a light propagating
direction of the inside of the optical fibers 30a and 305.
Here, as a matter of course, polarizing directions of the two
polarizers 34 are orthogonal to each other, and to the
Faraday rotator 35 of the optical isolator 36, a magnetic field
is applied in a predetermined direction.

[0109] FIG. 5B is a sectional view showing a structure of
a conventional polarization control optical element. In this
structure, end faces of two optical fibers 30a and 305 have
been vertically cut, and therebetween, an optical isolator 36
has been inserted. A light propagating direction of the inside
of the optical isolator 36 is identical to a light propagating
direction of the inside of the optical fibers 30a and 305.

[0110] Onto light guide end portions of the optical fibers
30a and 304 of FIG. 5A, a pulse laser light with a femto-
second-order pulse width was irradiated while being
focused. The direction of irradiation was, for example, a
vertical direction to the page surface. Thereby, refractive
index of the irradiated portion was raised to form a photo-
induced refractive-index changing region 32. This photoin-
duced refractive-index changing region 32 functions as a
mirror or prism to reflect light and bends the propagating
direction of light at a right angle. When an input light signal
whose polarizing direction had already been known was
introduced into the optical fiber 304, a polarizing direction
of a light signal to be outputted from the optical fiber 305
could be converted by the optical isolator 36 and be out-
putted from the optical fiber 305.

[0111] In the conventional art of FIG. 5B, since the optical
fibers 30a and 305 are connected to both surfaces of the
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optical isolator 36 so that the propagating directions of light
become identical, the propagating direction of a light signal
has been a single direction, a distance between the light
signal input end and output end has been long, and the size
of the optical element has also been large.

[0112] However, according to the present invention of
FIG. 5A, by integrally forming the photoinduced refractive-
index changing region 32 having a function as a mirror or
prism at the light guide end portions of the optical fibers 30a
and 305, bending the propagating direction of a light signal
by 90° at the light guide end portions, connecting the light
signal to the optical isolator 36, and further bending the
same by 90° after outputting the same from the optical
isolator 36, the input-output direction of the light signal can
be bent over by 180°. Accordingly, the input end and the
output end of a light signal can be approximated, and the
optical element can be reduced in size.

Example 3

[0113] FIG. 6A and FIG. 6B show sectional views of
structures of optical attenuators wherein an optical attenu-
ating function has been provided for a light guide by
integrally forming a photoinduced refractive-index changing
region(s) at a light guide middle portion of an optical
element.

[0114] FIG. 6A shows a case where the optical element is
an optical fiber 50, and FIG. 6B shows a case where the
optical element has been provided by forming a light guide
54 on an optical substrate 53. The light guide 54 is branched
into two paths from a single path on the optical substrate 53.

[0115] In FIG. 6A, by irradiating while focusing a pulse
laser light with a femtosecond-order pulse width, onto a
middle portion of a light guide 51 of the optical fiber 50, in,
for example, a vertical direction to the page surface, a
photoinduced refractive-index changing region 52 has been
formed. A light signal with an intensity lin was inputted
from one end of this optical fiber 50, and an intensity lout
of a light signal outputted from the other end was measured.
As a result of a comparison between the input light signal
intensity lin and output light signal intensity Iout, lin>lout
was confirmed. Accordingly, the light signal intensity could
be attenuated. Based thereon, it is assumed that since the
refractive index of the light guide 51 was raised at the
photoinduced refractive-index changing region 52, light
propagating conditions were changed at its boundary, a
partial reflection and leak of the light signal occurred, thus
this functioned as an optical attenuator to attenuate light.

[0116] In FIG. 6B, similar to the case of an optical fiber,
by irradiating while focusing a pulse laser light with a
femtosecond-order pulse width, onto a middle portion of a
branched light guide 54, in, for example, a vertical direction
to the page surface, photoinduced refractive-index changing
regions 55a and 555 have been formed at the middle portion
of the light guide. Here, the number of photoinduced refrac-
tive-index changing regions formed in the branched light
guide is changed for each light guide path.

[0117] A light signal with an intensity 10 was inputted
from an end portion of a single light guide side, and
intensities 11 and 12 of light signals outputted from end
portions of the branched light guide side were measured. As
a result of a comparison between the input light signal
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intensity 10 and output light signal intensities 11 and 12,
10>I1>12 was confirmed. Based thereon, it is assumed that
light propagating conditions at the light guide middle por-
tion of the light guide were changed to attenuate light signal
intensity.

[0118] Here, in the present invention, without limitation to
a light guide branched into two paths from a single path, the
invention can also be applied to an optical integrated circuit
composed of a light guide joined into a single path from a
plurality of light guide paths or a single light guide branched
into a plurality of paths.

[0119] According to the present invention, by integrally
forming a photoinduced refractive-index changing region(s)
in an optical fiber or at a light guide middle portion, an
attenuator to attenuate light intensity could be integrally
formed in the optical element.

Example 4

[0120] FIG. 7 is a plan view showing an optical element
on which a light guide 61 has been formed on an optical
substrate 60 made of silica glass. The light guide 61 is
branched into two paths from a single path on the optical
substrate.

[0121] Onto a branching portion of the light guide 61, a
pulse laser light with a femtosecond-order pulse width was
irradiated while being focused vertically to the page surface,
whereby a photoinduced refractive-index changing region
62 was integrally formed.

[0122] Inthe present invention, when a light signal includ-
ing light with two wavelengths AA and AB was inputted and
passed through the photoinduced refractive-index changing
region 62 formed at a light guide middle portion 62, a light
signal with the wavelength AA was selected and branched.

[0123] Accordingly, it is understood that the photoinduced
refractive-index changing region 62 formed at the light
guide middle portion functions as a diffraction grating to
select, from wavelengths of an inputted light, a light with a
specific wavelength according to period intervals and
amount of change in refractive index and change its direc-
tion. Here, the period intervals and amount of change in
refractive index of this diffraction grating formed at a light
guide branching portion can be easily regulated by changing
pulse laser light irradiating conditions as will be described
later.

[0124] Herein, description will be given of a phenomenon
wherein a diffraction grating is formed at a photoinduced
refractive-index changing region by irradiating while focus-
ing a pulse laser light with a femtosecond-order (1072 to
10~ seconds) pulse width onto the inside of an optical
substrate in a specific polarizing mode.

[0125] The inventor has discovered that, at the above-
described photoinduced refractive-index changing region, a
periodic structure wherein high-refractive-index changing
regions and low-refractive-index changing regions are
repeatedly generated at pitches of 1 um or less is formed.

[0126] In this periodic structure, planes wherein high-
refractive-index changing regions or low-refractive-index
changing regions are consecutive are defined as “principal
planes.” Here, since high-refractive-index changing regions
and low-refractive-index changing regions are adjacently
alternatively formed, defining planes wherein high-refrac-
tive-index changing regions are consecutive as “principal
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planes” and defining planes wherein low-refractive-index
changing regions are consecutive as “principal planes™ are
substantially the same. However, for clarification of the
definition, planes wherein high-refractive-index changing
regions are consecutive will be referred to as “principal
planes.”

[0127] The above-described principal planes are formed
parallel to a magnetic field direction of an irradiated pulse
laser light. Since the pulse laser light is an electromagnetic
wave, this has a property, while an electric field and a
magnetic field maintain an orthogonal relationship, to propa-
gate while changing at predetermined oscillation frequen-
cies, respectively. This magnetic field direction of the pulse
laser light is referred to as a “magnetic field direction” in the
present specification.

[0128] The above-described periodic structure is formed
by interference of the irradiated pulse laser light with plasma
generated inside a light focusing position. Accordingly, only
a single beam is sufficient for an irradiating pulse laser light.

[0129] As has been reported so far, an example wherein at
least two or more beams of irradiating pulse laser light are
used for irradiation and a periodic structure is formed by
interference between these pulse laser light beams exists. In
the present invention, since only a single pulse laser light
beam is used, the device configuration and the like can be
considerably simplified.

[0130] The pitches in the periodic structure are dependent
on a wavelength, pulse number, or pulse energy of an
irradiated pulse laser light.

[0131] The periodic structure is formed by interference of
irradiated pulse laser light and plasma generated inside a
light focusing position. Where a wavenumber vector of an
irradiated pulse laser light is provided as k_,, a wavelength
vector of generated plasma is provided as k,, and a repeating
modulation vector of high-refractive-index changing regions
and low-refractive-index portions of a formed periodic
structure is provided as k,, the following expression (1) is
obtained based on the law of conservation of momentum.

ka=l,—k, M

[0132] Here, where a wavelength of an irradiated pulse
laser light is provided as A, a relationship of k =27/A is
obtained, and where pitches in a periodic structure are
provided as ", a relationship of k,=27/" is obtained.

[0133] Accordingly, when the wavelength A of an irradi-
ated pulse laser light is shortened, k, is increased and k is
reduced, and as a result, based on expression (1), the
periodic structure pitches ~ are increased.

[0134] In addition, when the pulse number and pulse
energy of an irradiated pulse laser light are increased, an
electron density n, and an electron temperature T, in the
raised plasma are increased in proportion therewith, and k,
is reduced. As a result, the modulation vector of a periodic
structure k, is reduced, and the periodic structure pitches ~
are increased.

[0135] Based on the above, when the wavelength A of an
irradiated pulse laser light is shortened, the periodic struc-
ture pitches " are increased, and also when the pulse number
and pulse energy of an irradiated pulse laser light are
increased, the periodic structure pitches ~ are increased.

[0136] As such, according to the present example, by
forming a diffraction grating at a light guide middle portion
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of a light guide, a wavelength filter to selectively branch a
wavelength of light can be formed on the optical element.

Example 5

[0137] FIG. 8A and FIG. 8B show optical elements
wherein a pulse laser light with a femtosecond-order pulse
width has been irradiated while being focused onto a light
guide to form a photoinduced refractive-index changing
region(s) at a light guide middle portion. This photoinduced
refractive-index changing region has a structure wherein
high-refractive-index changing regions and low-refractive-
index changing regions alternatively exist.

[0138] FIG. 8A shows a case where the optical element is
an optical fiber 70, and FIG. 8B is a case where a light guide
74 has been formed on an optical substrate 73 made of silica
glass. The optical guide 74 is branched into two paths from
a single path on the optical substrate 73.

[0139] Principal planes with a fixed refractive index of a
photoinduced refractive-index changing region 72 formed at
a core 71 of the optical fiber 70 are provided so as to become
horizontal as shown in FIG. 8A, for example.

[0140] A magnetic field direction of a pulse laser light is
shown by “H” in FIG. 8A. The principal planes with a fixed
refractive index of the photoinduced refractive-index chang-
ing region 72 have, as described in the foregoing, a property
to be formed parallel to a direction of a magnetic field H of
an irradiated pulse laser light. Accordingly, as shown in FIG.
8A, when a pulse laser light whose magnetic field direction
is horizontal is horizontally irradiated, the principal planes
with a fixed refractive index of the photoinduced refractive-
index changing region can be horizontally formed.

[0141] As in the above, by horizontally forming the prin-
cipal planes with a fixed refractive index of the photoin-
duced refractive-index changing region 72, of a light propa-
gating through the optical fiber 70, only a horizontally
polarized light can penetrate through this photoinduced
refractive-index changing region 72.

[0142] In actually, when a randomly polarized light signal
was inputted from an input end of an optical fiber wherein
a photoinduced refractive-index changing region 72 had
been formed at a middle portion of a core 71 and a polarizing
direction of a light signal outputted from the other end was
detected, a specific polarized component was selected.
Based thereon, it is understood that the photoinduced refrac-
tive-index changing region 72 functions as a polarizer.
Thereby, it has been confirmed that the photoinduced refrac-
tive-index changing region can select a specific polarized
component of a light signal and functions as a polarization-
plane maintaining fiber.

[0143] Inthe optical element of FIG. 8B, a pulse laser light
with a femtosecond-order pulse width was irradiated while
being focused onto the light guide 74, which was a light
guide branched into two paths, to form photoinduced refrac-
tive-index changing regions 75a and 755, respectively. At
this time, a direction of a magnetic field H of the pulse laser
light was made horizontal and vertical, respectively.

[0144] When a light signal was inputted from one end of
the light guide 74 formed as such and polarizing directions
of light signals outputted after being branched at a branching
portion and passing through the photoinduced refractive-
index changing regions 75a and 755 different in the polar-
izing directions were detected, respectively, it was con-
firmed that light of specific polarized components according
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to the polarizing directions of the photoinduced refractive-
index changing regions 75a and 756 had been selected and
outputted.

[0145] Here, in the present example, as well, without
limitation to a light guide branched into two paths from a
single path, the invention can also be applied to an optical
integrated circuit composed of a light guide jointed into a
single path from a plurality of light guide paths or a single
light guide branched into a plurality of paths.

[0146] According to the present invention, by forming a
photoinduced refractive-index changing region(s) at a light
guide middle portion of a light guide, a polarizer function to
select a specific polarized component of light can be pro-
vided for the optical element.

Example 6

[0147] FIG. 9 is a schematic view of an optical element
wherein, by irradiating while focusing a pulse laser light
with a femtosecond-order pulse width onto a boundary
portion between a light guide 91 and a clad 90 of the optical
element, a photoinduced refractive-index changing region
93 has been formed at the boundary portion between the
light guide 91 and clad 90. To this photo induced refractive-
index changing region 93, an optical fiber 92 has been
connected from the upside of the optical element.

[0148] In this optical element, a light signal was inputted
from one end of the light guide 91, and then a light signal
outputted from the upper optical fiber was confirmed. There-
fore, it is understood that this photoinduced refractive-index
changing region 93 acts as a lens, prism, or half mirror and
has a function to make a part of light penetrate and refract
or reflect a part of light.

[0149] Accordingly, by forming a photoinduced refrac-
tive-index changing region 93 at a boundary portion
between the light guide 91 and a clad, a light signal can be
branched in a vertical direction.

[0150] According to the present example, a light signal
can be easily taken out in a direction vertical to the light
guide by a simple structure.

Example 7

[0151] FIG. 10 is a schematic view of an optical element
wherein a photoinduced refractive-index changing region
103 has been formed by irradiating while focusing a pulse
laser light with a femtosecond-order pulse width onto a
boundary portion between a light guide 101 and a clad 100
of'the optical element. To this photoinduced refractive-index
changing region 103, an optical fiber 102 has been con-
nected from the upside of the optical element.

[0152] In this optical element, a light signal was inputted
from one end of the light guide 101 and intensities of light
signals outputted from the other end of the light guide and
the upper optical fiber 102 were detected. As a result of a
measurement of a light signal B (intensity IB) outputted
from the light guide and a light signal A (intensity 1A)
outputted while being branched into the optical fiber, a
relationship of 10>IB>IA was obtained in terms of an input
signal 10. It is understood that this photoinduced refractive-
index changing region 103 acts as a lens, prism, or half
mirror and has a function to make a part of light penetrate
and refract or reflect a part of light.

[0153] According to the present example, by forming a
photoinduced refractive-index changing region at a bound-
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ary portion between the light guide and clad, a light signal
can be easily branched in a direction vertical to the light
guide. Furthermore, the intensity of a branched light signal
results in that of an attenuated light signal, light branching
and attenuating functions could be integrated.

Example 8

[0154] FIG. 11 is a perspective view showing an optical
element wherein a photoinduced refractive-index changing
region 113 has been formed by irradiating while focusing a
pulse laser light with a femtosecond-order pulse width onto
a boundary portion between a light guide 111 and a clad 110
of'the optical element. To this photoinduced refractive-index
changing region 113, an optical fiber 112 has been connected
from the upside of the optical element.

[0155] In this optical element, a multi-wavelength light
signal including a light with a wavelength AA and a light a
wavelength AB was inputted from one end of the light guide
111, and wavelengths of light signals outputted from the
other end of the light guide 111 and the upper optical fiber
112 were measured by a spectroscope, respectively.

[0156] The wavelength of a light signal branched halfway
through the light guide 111 and outputted into the optical
fiber 112 was of AA, and the wavelength of a light signal
outputted from the other end of the light guide 111 was of
AB. Accordingly, it is considered that this photoinduced
refractive-index changing region 113 has a function as a
diffraction grating to separate a specific wavelength.

[0157] According to the present example, by forming a
photoinduced refractive-index changing region at a bound-
ary portion between the light guide and clad, a light signal
could easily be branched in a direction vertical to the light
guide. Furthermore, a wavelength of the branched light
signal can be separated, and light branching and wavelength
filter functions can be integrated, therefore, an effect such as
a reduction in size and in manufacturing cost of the optical
element can be expected.

Example 9

[0158] FIG. 12 is a perspective view showing an optical
element wherein a photoinduced refractive-index changing
region 123 has been formed by irradiating while focusing a
pulse laser light with a femtosecond-order pulse width onto
a boundary portion between a light guide 121 and a clad 120
of'the optical element. To this photoinduced refractive-index
changing region 123, an optical fiber 122 has been con-
nected from the upside of the optical element.

[0159] In this optical element, a light signal including a
randomly polarized light was inputted from one end of the
light guide 121, and polarizing directions of light signals
outputted from the other end of the light guide 121 and the
upper optical fiber 122 were measured by an analyzer.

[0160] The polarizing direction of a light signal outputted
from the other end of the light guide 121 was random,
whereas the polarizing direction of a light signal branched
and outputted into the optical fiber 122 was a specific
polarizing direction. Accordingly, it is considered that this
photoinduced refractive-index changing region 123 has a
function as a polarizer to separate a light in a specific
polarizing direction.

[0161] According to the present invention, by forming a
photoinduced refractive-index changing region at a bound-
ary portion between the light guide and clad, only a light
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signal in a specific polarizing direction can be branched in
a direction vertical with the light guide. Accordingly, light
branching and polarizer functions can be integrated.

Example 10

[0162] FIG. 13A and FIG. 13B show an optical element
having a two-dimensionally expanding plate-like light guide
133 and clads 134 sandwiching the top and bottom of the
light guide 133.

[0163] FIG. 13A shows a perspective view of the optical
element, and FIG. 13B shows a horizontal sectional view
showing a condition where an incident optical fiber 130 and
exiting optical fibers 136 have been connected to the optical
element.

[0164] By irradiating while focusing a pulse laser light
with a femtosecond-order pulse width onto an exiting end
portion of a core of the incident optical fiber 130, a photo-
induced refractive-index changing region 132 has been
formed. In addition, onto an end portion of the light guide of
this optical element, as well, a plurality of photoinduced
refractive-index changing regions 135 have been formed by
irradiating while focusing a pulse laser light with a femto-
second-order pulse width.

[0165] A light signal inputted through the incident optical
fiber 130 connected to this optical element is expanded by
the photoinduced refractive-index changing region 132
formed at the core end portion of the incident optical fiber
130 and is made incident into the plate-like light guide 133
of the optical element. The light signal made incident into
the plate-like light guide 133 propagates to the other end
portion while expanding uniformly. Then, the light signal is
focused at the respective photoinduced refractive-index
changing regions 135 formed at the other end portion and is
outputted into the exiting optical fiber 136. The photoin-
duced refractive-index changing regions 132 and 135 have
a lens function to converge and disperse light.

[0166] In this example, by forming the photoinduced
refractive-index changing region at a light guide end portion
of an optical fiber, a coupling loss between the optical fiber
and plate-like light guide of the optical element could be
reduced. Furthermore, by the photoinduced refractive-index
changing regions formed at the plate-like light guide end
portion of the optical element, a light signal uniformly
propagating through the plate-like light guide could be
focused and be outputted into the exiting optical fiber with
a small loss.

[0167] Thus, according to the present invention, an optical
branching coupler with a small coupling loss can be fabri-
cated.

Example 11

[0168] FIG. 14A and FIG. 14B are side views showing an
optical element wherein multiple photoinduced refractive-
index changing regions 141 or 143 have been formed by
irradiating while focusing a pulse laser light with a femto-
second-order pulse width onto the inside of a spherical lens
(which may be an aspherical lens) 140 or ball lens 142.

[0169] FIG. 14A shows a case where the optical element
is a spherical lens 140, and FIG. 14B shows a case wherein
the optical element is a ball lens 142.

[0170] By forming photoinduced refractive-index chang-
ing regions 141 or 143 inside the spherical lens 140 or ball
lens 142, a function as a polarizer can be provided for the
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lens function. As a forming method for a polarizer, similar
to the description by use of FIG. 8A, this is formed by
irradiating a pulse laser light having a predetermined mag-
netic field direction while utilizing such a property that a
polarizing direction of a photoinduced refractive-index
changing region is formed parallel to a direction of a
magnetic field H of an irradiated pulse laser light.

[0171] An optical element with this construction can focus
an inputted light signal and also select a light in a specific
polarizing direction from an inputted light with random
polarization.

[0172] Thus, according to the present example, since a
lens function and a polarizer function can be integrated, an
effect such as a reduction in size and multifunctionalization
of an optical element can be expected.

[0173] In the above, although embodiments of the present
invention have been described, embodiments of the present
invention are not limited to those as described above and
various modifications can be applied within the scope of the
present invention.

[0174] The disclosure of Japanese Patent Application No.
2004-105891 filed on Mar. 31, 2004 is incorporated herein
by reference.

1-27. (canceled)
28. An optical element which is fabricated by use of an
optical substrate comprising:

a light guide formed on the optical substrate, and

a photoinduced refractive-index changing region existing
in the light guide, wherein

the photoinduced refractive-index changing region exists
at a boundary portion between the light guide and the
optical substrate surrounding the same, and

the photoinduced refractive-index changing region is
formed by irradiating a focused pulse laser light onto
the boundary portion of the light guide having an
energy amount to cause a photoinduced change in
refractive index.

29. The optical element as set forth in claim 28, wherein

the photoinduced refractive-index changing region has a
light focusing function to focus light propagating
through the light guide, a refracting function to refract
light propagating through the light guide, a reflecting
function to reflect light propagating through the light
guide, an optical diffracting function to diffract light
propagating through the light guide, an optical attenu-
ating function to attenuate light propagating through
the light guide, a wavelength filter function to select a
light with a specific wavelength propagating through
the light guide, or a polarizing function to transmit a
light in a specific polarizing direction propagating
through the light guide.

30. The optical element as set forth in claim 28, wherein

the optical element is an optical fiber, and the light guide
is an optical fiber core.
31. The optical element as set forth in claim 28, wherein

the light guide is a buried or protruded light guide formed
on the optical substrate.
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32. The optical element as set forth in claim 28, wherein

the light guide is a plate-like light guide formed on the
optical substrate.
33. The optical element as set forth in claim 31, wherein

the light guide is branched on the optical substrate or
inside the optical substrate.
34. The optical element as set forth in claim 33, wherein

the photoinduced refractive-index changing region has
been formed in the branched light guide.
35. The optical element as set forth in claim 33, wherein

the photoinduced refractive-index changing region has
been formed at a branching portion of the branched
light guide.

36. The optical element as set forth in claim 28, wherein

modulating electrodes have been formed on the light
guide.
37. The optical element as set forth in claim 30, wherein

a plurality of optical fibers each provided with a photo-
induced refractive-index changing region formed at a
core end portion thereof are arranged while making the
end portions contact with a reflecting member.

38. The optical element as set forth in claim 37, wherein

a polarization-plane rotating element has been coupled
between the end portions of the plurality of optical
fibers.

39. The optical element as set forth in claim 28, wherein

another optical element has been connected to a position
where the photoinduced refractive-index changing
region of the light guide has been formed.

40. The optical element as set forth in claim 28, wherein

the optical element is a lens.
41. The optical element as set forth in claim 28, wherein

the optical substrate is glass consisting mainly of SiO,.
42. The optical element as set forth in claim 28, wherein

the optical substrate is an organic material of one or more
selected from polyethylene terephthalate, polyacetal,
polycarbonate, polyfluorocarbonate, polyamide, poly-
imide, silicone, polyphenylene oxide, polysulfone,
polyphenylene sulfide, polybutylene terephthalate, pol-
yarylate, polyamideimide, polyether sulfone, polyary-
late, polyetherketone, polyetherimide, polymethyl
methacrylate, polyacrylate, crosslinked acrylate, pol-
ysiloxane, norbornene, an epoxy resin, a phenoxy resin,
triacetylcellulose, and fluorine-denatured substances of
these or an organic material mixed with at least two or
more of these.

43. The optical element as set forth in claim 28, wherein

the optical substrate is a f—BaB,O, crystal, a LiINbO;,
crystal, a LiTaO, crystal, a KH,PO, crystal, a Bi ,SiO,,
crystal, a Bi,Ge;O,, crystal, or a quartz crystaf.

44. The optical element as set forth in claim 28, wherein

the photoinduced refractive-index changing region is pro-
vided by forming high-refractive-index changing
regions and low-refractive-index changing regions
repeatedly formed at pitches of 1 pm or less.
45. An optical device mounted with the optical element as
set forth in claim 28.



